Conducting mesoporous TiO 2 is rapidly gaining importance for green energy applications. To optimise performance, its porosity and crystallinity must be carefully fine-tuned. To this end, we have performed a detailed study on the temperature dependence of TiO 2 crystallisation in mesoporous films. Crystal nucleation and growth of initially amorphous TiO 2 derived by hydrolytic sol-gel chemistry is compared to the evolution of crystallinity from nanocrystalline building blocks obtained from non-hydrolytic solgel chemistry, and mixtures thereof. Our study addresses the question whether the critical temperature for crystal growth can be lowered by the addition of crystalline nucleation seeds.
Introduction
Mesoporous, nanocrystalline TiO 2 is an interesting and useful material for a wide range of applications, such as dye-sensitised solar cells, 1,2 photocatalytic reactors, 3,4 electrochemical capacitors, 5 chemical and biochemical sensors, 6, 7 and electrochromic devices. 8 These electrochemical devices require an electronconducting network with pores on the 10 nm length scale. The nanoarchitecture can be generated by a variety of synthetic routes, 9 among which the sintering of random packed nanoparticles is most widely used. 10 An alternative route with higher morphological control is the structure-direction of inorganic materials by supramolecular self-assembly. The driving force for the ordered formation of mesoporous TiO 2 on the 5 to 50 nm length scale is typically the selective association of TiO 2 sol via hydrogen bonding with one block of a phase separating block copolymer (BCP). Aer solution processing the incorporated inorganic network is usually amorphous. A subsequent high temperature step degrades the organic material and crystallises the TiO 2 to result in an inorganic nanocrystalline network of high morphological order. This approach has attracted signi-cant interest 11 because it allows detailed control over pore size 12 and porosity 13 of the resulting inorganic thin lms.
Using sufficiently high molecular weight BCPs leads to precursor-sol connement on length-scales that are large enough to allow TiO 2 crystallisation at temperatures up to 700 C. 14, 15 The conversion of the carbon-rich polymer into a sturdy carbonaceous support under an inert atmosphere is a powerful method to further raise the crystallisation temperature to 1000 C. 16 Thus, in contrast to the nanoparticle approach, 10 supramolecular co-assembly provides structural stability at extremely high temperatures and therefore leads to the growth of large crystallites and greatly improved charge transport properties.
15,17
These crystallisation conditions may however not be desirable for a commercial fabrication process. In fact, high processing temperatures are undesired in device fabrication, particularly when using low-cost plastic substrates. 18 Sintering of prefabricated nanoparticles to form an electron-conducting network may be achieved by chemical or mechanical means, yet temperature-induced crystallisation still proves most effective. 19, 20 One route to address this challenge is the decoupling of TiO 2 crystallisation and photoanode fabrication, e.g. by the transfer of pre-sintered porous lms 21 or the prefabrication of mm-sized mesostructured crystalline building blocks. 22 The use of titanate-based precursors has recently been presented as a viable route to crystalline TiO 2 networks at low temperatures.
23
Other means of crystallisation that are not temperature-induced include the oriented attachment of nanocrystals 24 or solutionbased growth of TiO 2 under non-equilibrium conditions with exposed high-energy (001) facets.
25,26
In contrast to the conventional hydrolytic sol-gel (HSG) chemistry, non-hydrolytic sol-gel (NHSG) synthesis routes allow the formation of TiO 2 nanocrystals in solution at quasi-room temperature. 27, 28 This has fostered a variety of studies that aim to manufacture mesoporous, nanocrystalline TiO 2 at low processing temperatures.
29, 30 Hartmann et al. compared the photocatalytic properties of conventional photoanodes that require high temperature crystallisation with photoanodes assembled at low temperature from pre-crystalline building blocks. They found superior performance for the former, which they associated with an improved electronic connectivity within the inorganic network when crystallisation is induced aer the morphology build-up. 29 An appealing strategy to combine both chemical recipes in a "brick and mortar" approach was recently introduced by Bein and coworkers. 31 Here, TiO 2 nanocrystals derived from NHSG chemistry are added to a conventional solution of hydrolytic TiO 2 sol and structure-directing BCP. The TiO 2 nanocrystals ("bricks") disperse in an amorphous TiO 2 matrix ("mortar") during the self-assembly process. This combination led to a promising performance when used as photoanodes in dyesensitised solar cells, with conversion efficiencies of up to 6.0%, for fabrication temperatures as low as 300 C. They correlated this nding to an enhanced crystallinity of the assembly, induced by the added nanocrystals that act as seeds for the crystallisation of the amorphous material. In the light of these studies, a further understanding of the crystallisation kinetics in mesoporous TiO 2 is of central importance, i.e. it is necessary to understand what are the limiting factors of TiO 2 crystal growth at low temperatures. Is this process limited by TiO 2 nucleation or growth?
Experimental

Structure directing agent
In this study a poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO) BCP with a molecular weight of M n ¼ 34.4 kg mol
À1
and a PEO block fraction of 28 wt% was used. The BCP was dissolved in an azeotrope solvent mixture of toluene (74.84 wt%) and 1-butanol (27.16 wt%) with a concentration of 10 wt%.
Non-hydrolytic sol-gel (NHSG) crystalline nanoparticle synthesis
Crystalline anatase nanoparticles were synthesised as described in the literature. 5, 27, 29, 32 A dry ask was evacuated and oated with dry nitrogen several times before 5.75 ml absolute ethanol (Fisher Scientic) was added. Then 1 ml of titanium tetrachloride (TiCl 4 , Sigma-Aldrich, 99.9% trace metal basis) was injected under continuous stirring. 19.2 ml of anhydrous benzyl alcohol (Sigma-Aldrich, 99.8%) and 0.23 ml of 1,3-propanediol (Aldrich, 98%) were subsequently added. The solution was then heated to T ¼ 80 C and kept at this temperature for 20 h. TiO 2 nanocrystals were precipitated by the addition of 10 ml diethyl ether (Aldrich) to 1 ml of the reaction mixture and subsequent centrifugation for 10 min at 3750 rpm. The wet precipitate was then dried for 1.5 h at ambient conditions and redissolved in a similar azeotrope solvent mixture, followed by sonication for 2 h. A wide-angle X-ray spectrum of the dried precipitate is shown in the ESI (Fig. S1 †) , demonstrating that anatase crystals were produced during synthesis. A Scherrer analysis of the (101) peak width gave nanocrystal sizes between 3.2 nm and 4.4 nm for different syntheses. For some experiments the organic ligands were stripped from the nanocrystal surfaces by a phase transfer process involving nitrosonium tetrauoroborate (NOBF 4 ) as described elsewhere.
33,34
As-synthesised nanocrystals were redissolved in hexane (5 mg ml À1 ) and mixed with an equal volume of NOBF 4 in dimethylformamide (DMF, 10 mg ml À1 ).
The mixture was subsequently stirred until the nanocrystal transfer from the upper hexane to the lower DMF could be visually conrmed. The ligand-stripped nanocrystals were then precipitated and washed by the addition of toluene and redispersed in DMF. For the fabrication of mesoporous lms, the BCP and the nanoparticle solutions were mixed in a mass ratio of m TiO 2 /m BCP ¼ 1.15. Films were prepared by drop-casting or spin-coating onto FTO-glass or silicon wafers at ambient conditions. FTO-glass and Si wafers were sonicated in acetone and in isopropanol for 15 min each before use.
Hydrolytic sol-gel (HSG) synthesis
A titanium-containing sol was prepared by the quick addition of 0.5 ml titanium(IV) isopropoxide (Sigma-Aldrich, 99.999% trace metal basis) to 0.16 ml hydrochloric acid (37%, Fluka) under vigorous stirring. Five minutes aer addition of the TiO 2 precursor, the BCP solution was added in a ratio of m TiO 2 /m BCP ¼ 1.15, assuming complete conversion of Ti species to TiO 2 . Films were prepared by drop-casting or spin-coating onto FTO-glass or silicon wafers at ambient conditions.
HSG-nanocrystal mixtures
In order to investigate the effect of nanocrystalline seeds on TiO 2 crystal growth, the NHSG and HSG syntheses were combined. Nanocrystals stemming from the NHSG route were added to the HSG hydrolytic sol in an amount to achieve m TiO 2 (NHSG)/m TiO 2 (HSG) ¼ 0.15. For BCP-derived mesoporous samples, a BCP solution was subsequently added to this mixture so that the overall ratio was m TiO 2 /m BCP ¼ 1.15. Solutions were drop-cast onto Si-wafers.
Temperature-induced crystallisation
Unless otherwise stated, the samples were exposed to a temperature protocol consisting of a 10 C min À1 heat ramp, followed by a 3 h dwell time at the target temperature and subsequent cooling (Box oven, Cole Parmer EW-33855-35).
In situ experiments were carried out in an integrated temperature chamber of a diffractometer (Bruker D8 Advance), which was calibrated following the lattice expansion of silicon and TiO 2 (rutile).
X-ray scattering X-ray spectra were obtained on a diffractometer with BraggBrentano geometry (Bruker D8) and Cu K a radiation (step size 0.0182 ). Correction for the CuK a 2 radiation was achieved by the instrument's soware (Bruker Eva). The peak of the (101) reec-tion was subsequently tted by a Voigt function to relate peak broadening to the nite size of the anatase crystallites. An approximation of Olivero and Longbothum was used to derive the peak width (full width at half maximum) of the Lorentzian and the Gaussian parts. 35 The obtained results were corrected for machine broadening through subtracting (by deconvolution) the broadening of a monocrystalline silicon reference sample. The Debye-Scherrer equation was subsequently employed to obtain a mean crystallite diameter. 36 
Electron microscopy
Scanning electron microscopy (SEM) was carried out on a Leo Ultra 55 with a eld emission source at an acceleration voltage of 3 kV. For high resolution transmission electron microscopy (HRTEM) a Jeol 4000EX was used with an acceleration voltage of 400 kV and a point-to-point resolution of 0.18 nm. Unit cell parameters for the crystallographic phase identication of anatase TiO 2 were taken from ref. 37 , with a ¼ b ¼ 0.373 nm and c ¼ 0.937 nm (space group I4 1 /amd).
Results
Non-templated lms
Investigation of lms in the absence of a BCP can give valuable information about the underlying processes without the additional complexity of porosity induced by the BCP and the presence of the organic material itself. Fig. 1a shows the temperature dependence of the mean crystallite size as determined by Scherrer analysis of the (101) X-ray reection. An overview of the characteristic XRD pattern is shown in the ESI. † The variability in batch-to-batch results is reected in the presented error margins. As expected, lms prepared by HSG chemistry did not show any crystalline footprint, while a broad peak was observed for lms prepared by NHSG chemistry aer drying at room temperature (see Fig. S1 in the ESI †). Both types of lms were subsequently exposed to various temperature protocols for temperature-induced crystallisation of the TiO 2 . To analyse the temperature dependence of the crystal grain size D in more detail, the equation
was used, where D 0 is the initial grain size, k is a temperatureindependent constant, R is the gas constant and E a is the activation energy. 38 All samples have been annealed for a total time of 180 min at the target temperature. Alongside, we have performed in situ investigation on the kinetics of crystal growth, which is presented in the ESI. † Fig. 1b and c Fig. 1b . We want to emphasise that as in our NHSG route the TiO 2 particles were already crystalline aer synthesis, i.e. from the beginning of the experiment, the interpretation that the activation energies in Fig. 1b reect Ostwald ripening of crystalline colloids is highly likely.
In order to identify the role of incorporated seeds on lowtemperature crystallisation of TiO 2 , amorphous TiO 2 synthesised by HSG was mixed with a solution of NHSG-derived nanocrystals in a ratio of m TiO 2 (NHSG)/m TiO 2 (HSG) ¼ 0.15. High resolution transmission electron microscopy (HRTEM) of the fabricated lms in Fig. 2 reveals crystalline seeds that are homogeneously dispersed in the amorphous phase. 40 Complete wetting of the nanocrystals by the surrounding amorphous phase walls can be identied. These are two important prerequisites for seed-induced crystal growth. The lattice fringes for the particle in Fig. 2a correspond to 
33,34
Although HRTEM imaging showed complete wetting of the ligand-decorated nanocrystals (Fig. 2a) , temperature-induced crystallisation was studied for nanocrystals with and without organic ligands.
Both sample types showed weak but pronounced reection peaks in the diffraction patterns aer room temperature synthesis which is consistent with the low volume content of seed crystals. Fig. 3a shows the Scherrer crystallite sizes upon annealing. The results of Fig. 1a (Fig. 1b) . It is important to note that the determination of the activation energy is rather robust towards an uncertainty in the initial seed diameter, yielding from the low crystal content (15 wt%) in the initial sample before annealing. This is illustrated in the ESI † where we compare ln(D 2 À D 0 2 ) for a range of initial grain sizes.
These results are in contrast to previous studies by Zhang et al. who observed similar growth kinetics for both seeded and unseeded samples. 39 This may be due to differing surface chemistries of the nanocrystal seeds, which is decisive for seedinduced growth from a surrounding amorphous phase. While our NHSG nanocrystal seeds exhibit anatase termination at their edges, as veried by HRTEM, this may be different in the less common TiO 2 synthesis of ref. 39 . Since the results for ligand-covered and stripped nanocrystal seeds were practically identical, we speculate that the 1,3-propanediol ligands may have already been decomposed at the temperatures for which seed-induced crystal growth was observed.
BCP-derived mesoporous lms
The four TiO 2 manufacture routes described above were also employed in the synthesis of mesoporous lms that use structure-direction by supramolecular co-assembly of PI-b-PEO BCP. In a suitable solvent, PI-b-PEO forms micelles with PI cores. As the inorganic components preferentially reside in the PEO phase, the micellar close-packing during solvent evaporation leads to the mesostructuring of the synthesised TiO 2 .
13 which is in agreement with ref. 5 . The inuence of supramolecular structure formation on crystallisation is evident when comparing Fig. 1 and 5 . Selective dissolution of the amorphous HSG colloids in the PEO phase of the BCP on the length scale of 10 nm led to a higher temperature at which TiO 2 crystals were rst observed. Once the crystal size reached the length scale of the BCP-derived porosity, grain growth was signicantly reduced compared to the non-templated samples. This sets in above 500 C, in agreement with previous studies. 15 The addition of NHSG-prepared TiO 2 nanocrystals to the HSG-BCP mixture resulted in a similar observation as in the non-templated case of Fig. 3 : the seeds led to an offset in the critical temperature for crystal growth that can be related to a lowering of the activation energy.
Discussion
The ndings of the experiments described above can be summarised as follows:
1. Initially amorphous TiO 2 derived from HSG chemistry and pre-crystalline TiO 2 nanoparticles from NHSG chemistry show similar activation energies for temperature-induced grain growth.
2. Both ligand-decorated and ligand-stripped seed crystals embedded in an amorphous TiO 2 matrix led to a signicant reduction of the activation energy as well as a lowering of the critical temperature for crystal growth by 50 C.
3. Non-templated TiO 2 crystallised at lower temperatures compared to templated lms that were structure-directed by BCPs.
4. The grain size at the lowest crystallisation temperature was very similar for templates and non-templated HSG lms.
Hydrolytic sol-gel synthesis leads to nanometer-sized, amorphous TiO 2 -colloids at room temperature, much below the solid-liquid transition temperature of TiO 2 , i.e. the colloids are glassy. The homogeneous nucleation rate of crystals depends on the volume and the viscosity of the material. [41] [42] [43] In macroscopic samples crystallisation mainly occurs by heterogeneous nucleation at impurities which lower the free energy of forming a crystal-amorphous interface. In isolated nanometer-sized objects, homogeneous nucleation can be the dominant mechanism. 44 The fact that NHSG synthesis leads to sub-5 nm crystallites, which are stable from ambient conditions to 300 C, cf. Fig. S3b , † demonstrates that the critical nucleus size at these temperatures is well below 5 nm and thus TiO 2 crystallisation is thermodynamically possible in this temperature range. Homogeneous nucleation in a well-dened size distribution of sol particles leads to a characteristic onset time for nucleation, or alternatively for a given heating protocol to a well dened onset temperature, as observed here (i.e. T ¼ 300 C for the HSGderived non-templated samples). In a fully crystalline system, further grain growth occurs by Ostwald ripening, which is subject to an activation energy that does not depend on the sample history (i.e. is comparable in HSG and NHSG-derived samples, Fig. 1b) .
The explanation for the above observations requires a process with two different nucleation rates at the same temperature and which is different for the templates and nontemplated case. Observations 1 and 2 are readily explained. The nucleation rate in the initially amorphous colloids at low temperatures is slow because of their small size. The amount of crystalline material thus remains low on the time scale of the experiment, leading to the absence of Bragg peaks. With time the amorphous colloids coalesce through Ostwald ripening, increasing their volume. This process is accelerated at increasing temperatures but hampered in the mesoporous lms where the colloids are surrounded by fewer neighbours, being dissolved by the PEO-chain segments and thus diluted. Once they have reached a certain size the increased nucleation rate plus fast crystallisation of the remaining amorphous material within the colloid leads to appreciable amount of crystallites on the time scale of the experiment. The size of the crystallites then is comparable to the size of the amorphous colloids at this stage. This picture of crystallisation in which homogeneous nucleation is the rate determining step is also supported by other publications.
45
Since the crystallisation in HSG-produced amorphous TiO 2 is dominated by homogeneous nucleation it is reasonable to assume that the crystallisation kinetics can be accelerated by the addition of anatase nanocrystals as seeds. These mixed samples indeed showed substantially reduced activation energies and onset temperatures for crystallisation. The lower onset temperature for otherwise identical experimental conditions is indicative of a lowering of the nucleation barrier, as expected for crystal seeding and in accordance with the above statement of fast crystal growth within the amorphous colloids aer homogeneous nucleation has occurred. The lowering of the activation energy and the presence of two growth modes in Fig. 3b reect an additionally observable mechanism for anatase crystallite growth at low temperatures that is enabled by the presence of crystalline seeds. This mechanism is possibly the growth of the embedded crystallites by diffusion from the surrounding amorphous phase. The process is replaced by ripening of crystalline colloids at higher temperatures when the samples are fully crystalline, which is identical to the non-seeded HSG and NHSG protocols (Fig. 1b) . We have illustrated the rationalization of our observations in the schematic Fig. 6 . It is important to note that in the case of pre-mixed samples (HSG + seeds), we were able to resolve the diffractive footprint of 15 wt % 2-3 nm-sized nanocrystals within the amorphous matrix. This is in contrast to the non-seeded case, where we have not observed any, even weak, crystalline footprint for samples below T ¼ 300 C.
It is well-known that porosity has an inuence on the grain growth 38 during high temperature sintering: a higher porosity leads to smaller grain sizes at similar temperatures. While solgel-derived ceramics are intrinsically porous on the nanometer length scale, these small pores vanish rapidly at temperatures around T ¼ 350 C. The larger BCP-derived 10 nm pores are much more temperature stable, 46 as seen in Fig. 4 . The reduced crystal growth kinetics in the mesoporous lms is therefore a direct consequence of the local connement of the crystallites by the pores.
Conclusion
We have investigated crystal nucleation and growth in mesoporous TiO 2 . By comparing samples that are purely amorphous (HSG), purely nanocrystalline (NHSG) and mixtures thereof we were able to resolve the parameters that govern crystallisation in mesoporous networks. Our results demonstrate the importance of the colloidal character of sol-gel derived TiO 2 particles which may depend on the chosen sol-gel synthesis route. This colloidal nature enables complexation with the PEO polymer segments and therefore allows the material to participate in the BCP-driven assembly process. Secondly, it leads to a crystallisation behaviour that is dominated by homogenous nucleation. Nucleation and growth are substantially enhanced by the incorporation of crystalline TiO 2 seeds, providing a viable route for the lowering of crystallisation in mesoporous assemblies. Our ndings are based on commonly used material platforms and should therefore nd widespread implementation for the low temperature fabrication of nanocrystalline electrode architectures, e.g. for dye-sensitised solar cells, photocatalytic reactors or electrochemical capacitors.
